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Selective synthesis of branched- and normal-chain fatty acids occurred during
germination and outgrowth of Bacillus thuringiensis spores. Iso-C,, iso-C,,, and
iso-C,, were the first fatty acids to appear upon germination, their formation

occurring prior to protein syvnthesis.

Afterwards. normal-C,,, normal-C,

anteiso-C;. and anteiso-C,; acids were synthesized maximally. During septum
formation. anteiso-C,; acid appeared. and there was a resurgence in iso-C,q acid
synthesis. Throughout outgrowth. is0-C,; and iso-C;; were metabolized uniformly,
whereas the other acids exhibited peak synthesis.

Previously. we examined the kinetics of fatty
acid synthesis during germination and outgrowth
of Bacillus thuringiensis spores by analyzing
{U-"Clacetate and [2-*H]glycerol incorporation
into chloroform-methanol-extractable and tri-
chloroacetic acid-precipitable lipids (6). The tim-
ing of fatty acid synthesis also was investigated
relative to protein. deoxyribonucleic acid
(DNA). and ribonucleic acid (RNA) synthesis.
RNA synthesis is initiated immediately upon
germination, followed by rapid and extensive
fatty acid synthesis which precedes protein.

DNA. and triglyceride synthesis. The formation-

of fatty acids from acetate exhibits further de-
velopmental periodicity in which a large trans-
ient increase in fatty acid synthetic activity
coincides with the approach of cell division.

In view of these relationships. we proceeded
to investigate the timing of synthesis of the
individual branched- and normal-chain fatty
acids also. Differential fatty acid biosynthesis
was correlated with morphological changes as
well as with macromolecular synthesis.

MATERIALS AND METHODS

Organism and cultural conditions. B. thuringiensis
NRRL B-4027 was obtained from the Agricultural
Rescarch Service Culture Collection. Peoria. 11 Stock
cultures were maintained on agar slants of MD
medium (D). and spores for fatty acid and macro-
molecular analyses were obtained by growing the
organism in a modified GYS medium (11) containing
0.2% (NH,),S0,, 0.2% yeast extract (Difco). and
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0.05% K,HPO, (adjusted to pH 7.3). After autoclaving,
the following ingredients were added aseptically: glu-
cose. 0.1¢7: MgSQO,. 0.029%: CaCl,-2H,0, 0.008%; and
MnSO,-H,0. 0.003%. The spores were harvested,
washed once in distilled water and once in 0.05 M
phosphate buffer (pH 7.2). and suspended in 100 m! of
the phosphate buffer. Spores were heat-activated prior
to germination by homogenizing for 2 min in a Potter-
Elvehjem hand homogenizer, heat shocking for 30 min
at 80 C. and homogenizing for an additional 2 min. The
spores were germinated in the modified GYS medium
to which r-alanine (100 pg/ml). adenosine (500 ug/mi),
and ethylenediaminetetraacetic acid (EDTA. 25 pg/ml)
had been added. The rate of germination, determined
by decrease in optical density at 600 nm, was enhanced
when EDTA was present.

Incorporation experiments. The techniques were
similar to those previously published (8). Heat-
activated spores were transferred at starting time (f,)
into flasks containing modified GYS medium, ger-
minating agents. and the appropriate radioactive sub-
strate. We emploved L-[2.3-*H]phenylalanine for indi-
cating protein synthesis. [5.6-"H]Juridine for RNA,
[6~*H]thymidine for DNA. and [2-°H]glycerol and
[U-**Clacetate for lipid synthesis. Whenever
{6-3H]thymidine was used. the medium was sup-
plemented with 250 pg of 2-deoxyadenosine, uracil,
cvtosine. and guanesine (7) per ml to ensure incorpora-
tion of radivactive thymidine into DNA rather than into
RNA. The flasks were rotated in a water bath at 28 C,
and 1-ml samples were taken at intervals of either 2 or
S min. Samples were added to | ml of 10% trichlo-
roacetic acid containing carrier substrate (100 pg/mb)
and were filtered on 253-mm membrane filters (0.45 pm,
Millipore Corp.). The filters were washed four times
with § ml of 36 trichloroacetic acid containing carner
substrate (30 ug mb. placed in 10 ml of scintillation
fluid (101, and counted in a scintillation spectrometer.

Fatty acid analysis. Lipids were extracted from ger-
minated and outgrown spores which had been har-
vested by centrifugation, washed three times in 0.85%
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NaCl, and stored in N, atmosphere at =20 C. The
pm\uiurc for cxtracting lipids and for preparing
methyl esters of fatty acids was described previously
(.

Mecthyl esters of the fatty acids were separated and
determined on polar columns with an FSM modcl 810
dual-column chromatograph equipped with hydrogen
fame detectors (1), and the amount of radicactivity
i the methyl esters was analyzed with a gas
chromatograph-tiquid scintillation spectrometer sys-
em (2. 9). Computer programs (9) were utilized to
Process the radioactivity data. Relative specific activ-
ity of each C-labeled ester was calculated by dividing
the radioactivity percentage by the area percentage
).

RESULTS

Macromolecular synthesis during germination
and outgrowth. The importance of fatty acid
synthesis to spore germination is best illustrated
if the fatty acid data are examined within the
framework of macromolecular synthesis in gen-
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eral and then correlated to known morphological
stages determined by phase-contrast micros-
copy. All spores had completed germination by
15 min (,;). They were subsequently observed
to swell, elongate. undergo septum formation at
1,0 and enter cell division at 1y,

Figure 1 illustrates the kinetics of [2-°H]
glveerol. [2.3-*Hlphenylalanine. [6-"H]thy-
midine. [U-"“Clacetate. and [5.6-*Huridine
incorporation into trichloroacetic acid-
precipitable material. The data are in agree-
ment with similar kinetic experiments done
with non-crystal-forming aerobic sporeformers.
in that RNA is the first macromolecule syn-
thesized after germination. Interestingly, acetate
was found to be rapidly incorporated starting at
f.,. preceding detectable DNA. protein, and tri-
glyceride synthesis. A substantial portion of this
early acetate incorporation represented fatty acid
synthesis. Throughout outgrowth, 40 to 505 of
the acetate incorporated into trichloroacetic
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acid-precipitable material was chloroform-
methanol extractable. Differential synthesis of
specific individual fatty acids was studied during
four successive 30-min pulses covering the dura-
tion of germination and outgrowth.

Relative abundance of individual fatty acids in
spores and vegetative cells. Many biochemical
changes occur during spore germination, when
the membrane fatty acid composition reverts
from ratios characteristic of spore membrane to
those typical of vegetatively growing cells. In
Table 1. the percent relative abundance of indi-
vidual fatty acids in spores (t,) and vegetative
cells (post-t,,,) is compared. Iso-Cy;, 1-C,5. and
a-C,; predominated in both. However. the levels
of the branched-chain C,; and C,; homologues
differed. Both the i-C,, and i-C,; isomers were
far more prevalent than their corresponding
isomers (a-C,, and a-C,;) in spores. whereas the
values were approximately equal for vegetative
cells. Significant differences were also observed
between spores and vegetative cells in the rela-
tive abundance of the i-C,, and a-C,; fatty acids.
For the even-numbered fatty acids, the iso
homologues of C,,. C,,. and C,4 were present in
greater abundance than the normal isomers in
both morphological stages. Overall. the iso
homologues decreased during the transition
from spores to vegetative cells, whereas the
anteiso isomers increased: normal isomers re-
mained constant.

Differential synthesis of fatty acids during ger-
mination and outgrowth. B. thuringiensis is typi-
cal of the gram-positive bacteria in that its
membranes contain a high proportion of
branched-chain fatty acids. as opposed to the
normal- or straight-chain ones. Vegetative and
spore membranes differ in their fatty acid com-

TABLE |. Percentage of fatty acids in the total lipids
of spores and vegetative cells of Bacillus thuringiensis

Futty acid Spores Vegetative cells
1-C 1.29 1.25
n-C,, 0.44 0.42
1-C oy 11.82 7.48
a-Cyy 2.20 5.96
i-Cy, 9.81 5.94
n-C,, 4.38 345
1-C 27.36 18.92
a-Cg 10,13 19.39
1-C g 7.76 7.66
n-Cy s 7.42
i-C,; 6.14 7.12
a-Cy; 11.73 14.70

1s0-64.18 iso-48.37
< n-10.54 n-11.29
pa ante-24.06 ante-40.038

TABLE 2. Relative specific activity” of branched-
and normal-chain fatty acids during germination and
outgrowth of Bacillus thuringiensis spores

Germination and outgrowth ;
(pulse time in min) Iso 1 Anteiso Normal
0-30 9.9 | 0 0
30-60 354 325 322
60-90 39.5 i 20.4 40.1
90-120 443 | 273 25.9

* Relative percent incorporation of [[-"*Clacetate.

position, particularly in the ratio of iso to anteiso
to normal isomers present (Table 1).

The relative amounts of each class of fatty
acids synthesized were examined during four
successive 30-min pulses following germination

(Table 2). At no time did the proportions resem- -

ble the ratios of iso to anteiso to normal found
for either intact spores or vegetative cells. Rela-
tively large amounts of normal-chain acids were
synthesized after the first 30 min; only iso fatty
acids were formed during the first 30 min.

Iso fatty acids were synthesized to a greater
extent than the homologous anteiso fatty acids,
and the normal-chain acids were synthesized to
a far greater extent than would be predicted from
their final relative abundance in either spores or
vegetative cells (Fig. 2). The ratio of iso to
anteiso fatty acids synthesized in the last three
pulses was approximately equivalent to that
observed in vegetative cells.

Figure 3A-D shows the biosynthetic pattern of
the even- and odd-chain iso. the odd-chain an-
teiso, and the even-chain normal fatty acids.
These groupings were based on the biosynthetic
origins of the fatty acids in question (5).

Iso-C,; was the only odd-chain iso isomer
synthesized during 1, ,, (Fig. 3A). Conversely.
i-C 5 and i-C,; were synthesized exclusively dur-
ing the subsequent pulse periods. Iso-C,5 at-
tained maximal synthesis at 1, 4 and then re-
mained constant. 1so-C; steadily increased from
4o oo through f4 5. by which time septum for-
mation was complete.

The only other fatty acids synthesized prior to
ty, were 1-Cy, and 1-C, (Fig. 3B). [1-"Clacetate
was preferentially incorporated into i-C,4 over
i-C,, throughout celtular differentiation. The
highest relative incorporation into i-C, occurred
during the 1, 4, pulse: a rapid reduction of ace-
tate carbons incorporated into 1-C,, was evident
during 4, ¢ with a murked recovery thereafter.
Peak incorporation into i-C,, occurred during
fao wo- A similar pattern existed with i-Cj,. only
at o much lower level.

The patterns of a-C, and a-C, were similar




BIOSYNTHESIS OF FATTY ACIDS IN SPORES 523

A . B

18-
£
3 e T
5
- 4
144~
E >
§ s
g ol § [ o
g 5 i~Cis
5 o of~
g o
w
w
20} E 8-
I
o
el i-Cla
4 e
Tz0 Teo Tso Tizo
2
i-Ciz
. .
20 To T3o Teo Tso Ti20
8} 36
6
0
W
-
r |
> el z
; ol
(8
$o 2
S 2
& g b
x & s
["pry-
3 :
E =
< <
d )
CA & el
4 T
6 L
2
To T Teo Teo Tizo To T30 Teo Teo Tizo

FIG. 3. Differential synthesis of individual fatty acids during outgrowth of Bacillus thuringiensis spores. The
rudivactive fatty acids were prepared, extracted, and purified as described for Fig. 2. (A) Iso branched-chain
fatty acids with odd number of carbon atoms. (B} Iso branched-chain fatty acids with even number of carbon
aloms. (C) Anteiso branched-chain fatty acids with odd number of carbon atoms. (D) Normal straight-chain
Jatty acids with even number of carbon atoms.
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Fic. 2. Differential synthesis of normal- and

branched-chain fatty acids during outgrowth of Bacil-
lus thuringiensis spores. Heat-activated spc-es (42
mg) were germinated at a concentration of 1.68 mgiml
in our standard GYS germination medium sup-
plemented with 16 pg of sodium acetatelml. Four
pulse-label experiments were initiated by the addition
of [I-*Clacetate (1.2 pCilmly ar t,, 1y lew and i,
Each flask was harvested 30 min after isotope addi-
tion. The solid bars represent branched-chain farty
acid synthesis, and the open bars, normal-chain fatty
acid synthesis.

(Fig. 3C) in that maximal synthesis occurred at
Iy-60. after which a-C,; synthesis dropped to
zero. Although a-C,; was formed preferentially
to the other odd-chain anteiso isomers, acetate
incorporation into a-C,; became equal to that
into a-C,; during the 74,4, pulse period.

Kinetic patterns of the even-chain normal
fatty acids were similar (Fig. 3D). The differen-
tial rate of synthesis throughout the develop-
mental period was n-C > n-C,, > n-C,,. Nor-
mal C; was synthesized to the greatest extent at
Isy-po and then decreased prior to cell division.

DISCUSSION

The differentiating cell has a marked capacity
to synthesize new fatty acids, and this new
syathesis is differential. There is a marked pref-
erence for which fatty acids are svnthesized
from acetate at a given time, and, in addition, the
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relative specific activity of each individua] fatty
acid varies substantially with time as the ¢e|
progresses through outgrowth. This differentjy
synthesis implies that regulatory mechanjsms
control membrane fatty acid composition ang
that such changes in composition could deter.
mine developmental changes in membrane func.
tion. This latter possibility is rendered more
likely by the high concentrations (up to 807
of branched-chain fatty acids found in g
thuringiensis membranes (4).

Fatty acid synthesis during spore germinatjon
and outgrowth occurs in two distinct patterns,
with a sharp division line existing at 7,, (Fig. 3),
This dichotomy may indicate that early fatty
acid synthesis occurs in the absence of detecty.
ble de novo protein synthesis and thus is charac.
teristic of the spore itself. This spore-specific
fatty acid-synthesizing machinery would be
present in the dormant spore and may reflect Syn.
thesis in the latter stages of spore formation. In
this regard. the preponderant synthesis of i-C,,
during 7,_5, could be indicative of a selective
function in either spore formation or spore ger-
mination.

The synthesis of normal-chain fatty acids
commences subsequent to #,4,; however, the rela-
tive specific activities of the aggregate normal-
chain fatty acids (Table 2) far exceed their
relative abundance in either the spore or vegeta-
tive stage (Table 1). These results indicale a
disproportionate requirement for normal-chain
fatty acids during outgrowth. The relative
specific activities of the n-C,, and n-C, fatly
acids decrease during f4,.,.5. when the cells can
be considered closer to having resumed vegeta-
tive growth (Fig. 3D). Also, the ratio of a-C,, t0
a-C,; (Fig. 3C) changes as the cells approach
septum formation. The two fatty acids were
synthesized in approximately equal amounts
early in outgrowth (f44.4). but thereafter a-Cy,
synthesis quickly dropped to zero while a-C;
synthesis increased dramatically. This change i
fatty acid chain length may be related to septum
formation and cell division.
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